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Abstract: All-solid-state Na-ion batteries that operate at or close to room temperature are a promising next-generation battery technology with enhanced safety and reduced manufacturing cost. An indispensable component of this technology is the solid state electrolyte that allows rapid shuttling of the mobile cation (i.e., Na + ) between the cathode and anode. However, there are very few fast Na-ion conductors with ionic conductivity approaching that of the liquid counterparts (i.e., 1 mS cm -1 ). In this work, we present the synthesis and characterization of a fast Na-ion conductor, cubic Na 3 PSe 4 . This material possesses a room-temperature ionic conductivity exceeding 0.1 mS cm -1
, and does not require high temperature sintering to minimize grain boundary resistance, making it a promising solid-state electrolyte candidate for all-solid-state Na-ion battery applications. Based on density functional theory, nudged elastic band and molecular dynamics investigations, we demonstrate that the framework of cubic Na 3 PSe 4 only permits rapid Na + diffusion with the presence of defects, and that the formation of the Na vacancy (charge balanced by slight Se 2- oxidation) is more energetically favorable among the various defects considered. This finding provides important guidelines to further improve Na-ion conductivity in this class of materials.
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Introduction:
High capacity rechargeable batteries play a central role in a variety of emerging technologies, including mobile electronics, plug-in and hybrid electric vehicles, and grid-scale energy storage. Currently, almost all rechargeable batteries utilize liquid electrolytes for the transport of mobile ions between the cathode and anode. However, the liquid electrolyte consists of flammable organic solvents, which can cause fire, dissolve the electrode components (such as the dissolution of polysulfides or polyselenides cathodes in alkaline/S 1-2 and alkaline/Se batteries 3 ), or react with the electrodes. All of these issues can, in principle, be resolved by the replacement of the liquid electrolyte with a solid state counterpart.
However, the design and construction of batteries employing only solid state components (i.e., solid-state electrolyte and electrodes) that can rival the performance of liquid electrolyte based batteries is challenging. Despite intensive global research efforts in the past decades, especially in the Li-ion solid-state battery field, a number of issues are still present, including low ionic conductivity and limited voltage stability of solid state electrolyte candidates, as well as interfacial incompatibility between the electrode and the solid state electrolyte . These practical issues tie closely with the lack of available solid state electrolyte candidates and fundamental design principles for new solid-state electrolyte discovery.
Compared with all-solid-state rechargeable Li-ion batteries, the development of all-solidstate rechargeable Na-ion batteries provides a potentially more economic alternative to power large-scale devices. However, the research progress in this regard is lagging, mostly due to the lack of fast Na-ion conductors [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Currently, β-and β''-alumina [28] [29] , NASICON [26] [27] , and cubicNa 3 PS 4 30 are the only three inorganic materials which possess Na-ion conductivity comparable to 3 liquid electrolytes. The two oxides (i.e., β-, β''-alumina and NASICON) exhibit large grain boundary resistance upon room-temperature pressing (or cold pressing), and, therefore, require a high temperature sintering process above approximately 1000 °C to eliminate the grain boundary contribution in the total resistance. This high temperature sintering process, poses a challenge in the fabrication of the solid-state battery, since almost all cathode materials will either decompose or react with the electrolyte at the required temperatures. Sulfides (e.g., Na 3 PS 4 ), on the other hand, can deform easily under mechanical pressure, which allows the production of a dense pellet via cold-pressing only 14 . A major drawback of the sulfide based materials is the reduced voltage stability window compared with oxides 4 . However, it is important to note that the stability of the battery is largely controlled by the property of the interfaces between the electrolyte and the electrodes, and is not entirely determined by the absolute voltage stability of the electrolyte. A passivating solid electrolyte interface which permits the transport of the mobile ions 17, [43] [44] , such as those formed during the decomposition of carbonate solvents in all commercially available rechargeable batteries, can still offer an extended cycle life for the batteries [45] [46] .
To date, cubic-Na 3 PS 4 is the only reported inorganic solid state electrolyte that can be successfully employed in a room-temperature solid state rechargeable Na-ion battery 30 . Na 3 PS 4 was first synthesized, structurally and electrochemically characterized in 1992 by Jansen and coworkers 31 . Three polymorphs have been identified for Na 3 PS 4 through variable-temperature diffraction and impedance measurements: a room-temperature tetragonal phase, and two unknown high-temperature cubic phases. The tetragonal phase was reported to crystallize in the P-42 1 c space group (# 114) with lattice parameters of a = b = 6.9520(4) Å and c = 7.0457(5) Å.
This structure is built with PS 4 3-tetrahedra forming a slightly distorted body-centered-cubic (bcc) 4 arrangement, and the Na cations filling the skewed octahedral and tetrahedral cavities formed by the S 2- anions. The room-temperature Na-ion conductivity of the tetragonal phase was reported to be low (~4 x 10 -6 S/cm), but the room-temperature conductivity of the two cubic phases were projected to be high based on the extrapolation of high temperature conductivity data. One of the cubic Na 3 PS 4 phases was successfully stabilized at room-temperature in the subsequent work performed by Hayashi and coworkers in 2012 30 . The room-temperature ionic conductivity of this cubic phase was observed to be 0.2 mS/cm with an activation barrier of 27 kJ mol -1 . The authors attributed the stabilization of the cubic phase to a high-energy mechanical milling process. In later work performed by the same group, the structure of this cubic phase was determined from laboratory powder X-ray diffraction 40 . It was observed that the structure of the cubic Na 3 PS 4 only slightly differs from the tetragonal phase, as half of the PS 4 3-tehrahedra are rotated by less than 1° to align all PS 4 tetrahedra along the [111] lattice direction of the cubic structure. The Na ions in this structure are distributed to occupy two distorted tetrahedral sites instead of one tetrahedral and one octahedral site in the tetragonal polymorph.
The substantially higher ionic conductivity and lower activation barrier for Na + diffusion in the cubic polymorph, as compared to the tetragonal phase, can be rationalized on the basis of their structural difference. As suggested in a very recent paper, a diffusion path that consists of percolating face-shared tetrahedral sites is generally associated with a low activation barrier, a criterion satisfied by the cubic but not the tetragonal polymorph 47 . It is, however, not yet clear why the cubic phase does not transform into the thermodynamically stable tetragonal polymorph upon cooling from the synthesis temperature of 270 °C, since the subtle rotation of the PS 4 3-tetrahedra and the re-distribution of Na-ion in this fast Na-ion conductor are expected to be facile.
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Compared to oxides and sulfides, selenides form a huge unexplored chemical space for fast ionic conductor discovery. While the Pearson's crystal structure database contains over 80000 entries of O-based compounds, only approximately 10000 and 6000 entries are found for S-and Se-based compounds, respectively. Also of note is the remarkable success that has been achieved for sulfide-based fast Li-ion conductors 12, 23 . We hypothesize, based upon ionic size considerations, that selenide-based compounds may provide a more suitable structural framework for the rapid diffusion of the much larger Na In this work, we report the synthesis of cubic-Na 3 PSe 4 as a fast Na-ion conductor. The structure of Na 3 PSe 4 was determined from high-resolution synchrotron X-ray diffraction data.
The ionic conductivity and activation barrier for Na-ion diffusion were determined through impedance spectroscopy. We demonstrate that cubic-Na 3 PSe 4 is a fast Na-ion conductor with a room-temperature ionic conductivity exceeding 0.1 mS/cm, and a low activation energy of 27 (1) kJ mol -1 for Na + diffusion. Also, ab-initio calculations suggest that the key to achieve fast Na-ion diffusion in Na 3 PSe 4 is the presence of defects.
6
Results:
Cubic vs. tetragonal: thermodynamic considerations
To investigate the possibility of synthesizing cubic Na 3 PSe 4 , we have evaluated the energetics of the cubic (I-43m, #217), and tetragonal (P-42 1 c, #114) Na 3 PSe 4 through density functional theory (DFT) calculations (Table 1 ). The energy of the cubic structure was calculated to be only 0.8 meV/atom higher than the tetragonal structure, which is well within the error of DFT calculations. We have, therefore, concluded that (1) Na 3 PSe 4 can be experimentally synthesized; and (2) the thermodynamically stable form of Na 3 PSe 4 at the synthesis temperature (573 K) can be either the tetragonal or cubic polymorph depending on the relative entropy contributions of these two structures. The subtle energy difference, together with the very similar lattice dimensions, between the tetragonal and cubic polymorphs also indicate the possibility of forming complex defects as a result of coexisting tetragonal-like and cubic-like domains, adding another level of complexity to the structure of Na 3 PSe 4 . The synthesis of Na 3 PSe 4 was performed in a boron nitride tube at a synthesis temperature of 300 °C under a continuous flow of dry Argon gas. We chose boron nitride tube for the synthesis, since B
3+
and N 3- ions are unlikely to be incorporated into the Na 3 PSe 4 lattice based on ionic size and coordination preference considerations. As is shown in the Rietveld fitting of the synchrotron X-ray diffraction data as obtained for the as-prepared Na 3 PSe 4 , the diffraction pattern can be modeled very well with a cubic lattice of a = b = c = 7.31359(1) Å and space group of I-43m (#217). The high-quality diffraction data exhibits excellent counting statistics even at a d-spacing of ~0.6 Å, allowing an accurate structural determination of this compound.
Having good counting statistics at low d-spacing is particularly important to independently refine the occupancies and thermal parameters of the crystallographic sites, because these two types of parameters are strongly correlated, and are difficult to decouple by only fitting data at large dspacing. The structural parameters of the as-prepared Na 3 PSe 4 as determined from the Rietveld refinement of the synchrotron X-ray diffraction data are presented in Tables S1-3 ). This implies that Na cations in the structural framework can be mobile. We also notice that the Na 3 PSe 4 structure is isostructural to Na 3 SbS 4
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, which may be related to the similar sizes of the SbS 4 3-and PSe 4 3-tetrahedral groups. This result implies a possible ionic size matching rule for the design of new materials that adopt the same framework, and indicates that Na 3 SbS 4 might be another fast Naion conductor. A small amount of unknown impurity was also observed from this high-resolution diffraction data (e.g., extra peaks are observed at 2θ of ~ 7°). The production of trace amounts of impurities might be related to the low melting/boiling points of the precursors (the melting point 8 and boiling point for Se are 221 °C and 685 °C, respectively, and the boiling point for red phosphorus is 431 °C), which can drive the system to slightly off-stoichiometry at the synthesis temperature of 300 °C. An optimized synthesis, therefore, may require the reaction to be performed in a perfectly sealed system. metric tons on a 1/4 inch-diameter pellet), without any additional sintering. We collected impedance data during both the heating and cooling cycles, and diffraction data before and after 9 the impedance measurements, to confirm that no other side reactions or irreversible changes had occurred to the sample ( Fig. 2a and 2b) . Indeed, the diffraction patterns for the Na 3 PSe 4 powder sample before and after the variable-temperature impedance measurements (Fig. 2a) remain almost the same, except for the presence of diffraction peaks corresponding to the indium metal which was pressed onto the pellet as a blocking electrode and which cannot be separated from the Na 3 PSe 4 sample. We observed a slight yet noticeable peak width increase for the diffraction pattern of the Na 3 PSe 4 powder after impedance measurements compared with the pristine powder. Based on a full-profile fitting, this increased peak width is primarily due to an increase in strain, suggesting there is an irreversible strain development during the mechanical pressing process. This phenomenon appears to be unique for the soft selenide, as it is not often observed in the hard oxides. It is not yet clear as what the physical nature of the strain is and how the strain development impacts the ionic diffusion process.
As is shown in Fig. 2b , the impedance spectra of cubic Na 3 PSe 4 consist of a highfrequency semicircle which can be attributed to the response from the Na + bulk diffusion process.
Fitting of this semicircle with a parallel circuit connection of a resistor and a constant phase element allows us to derive the ionic conductivity. Cubic Na 3 PSe 4 exhibits an ionic conductivity of 0.11 mS/cm at 25 °C. This value is comparable with the recently reported Na-ion conductor, 
Discussion:
Vacancy driven Na
A fundamental understanding of the Na + diffusion process in Na 3 PSe 4 can provide important guidelines for future materials optimizations. We have, therefore, performed a theoretical investigation into the Na + conduction mechanism in Na 3 PSe 4 based on ab-initio density functional theory (DFT), because theoretical modeling can provide valuable insights into the atomic scale processes that are not easily accessible by experiments. We, herein, summarize the key findings from this modeling study.
As the Rietveld refinement did not detect any substantial presence of Na vacancies or interstial Na in the as-prepared Na 3 PSe 4 , the activation barrier for Na diffusion was initially evaluated assuming a perfect Na 3 PSe 4 structure. Surprisingly, the ab-initio molecular dynamics simulation (AIMD) for stoichiometric Na 3 PSe 4 yielded negligible diffusivity for Na ions even at the elevated temperature of 900 K with a simulation period of 120 picoseconds, indicating that the prefect Na 3 PSe 4 is not a fast Na-ion conductor at all. However, when a small amount of Na vacancies or interstitial Na was introduced (i.e., 2.1%, which is close to the detection limit of diffraction measurements), Na + diffusion became extremely facile. On the basis of AIMD simulations at elevated temperatures, the activation barrier for Na + diffusion with the presence of 2.1% Na vacancies was determined to be 11 kJ mol -1 (Fig. S1 ) and the extrapolated room temperature (300 K) conductivity is 28.9 mS/cm. We chose the Na vacancy defect in our as shown in Fig. 3 ). These results suggest that the cubic Na 3 PSe 4 structural framework is indeed very well-suited for Na + diffusion, but the key for fast Na + diffusion to occur is the presence of defects. We note a very recent work on cubic Na 3 PSe 4 with a reported roomtemperature conductivity of 1 mS cm
. This work used different precursors and reaction vessels compared to our work, and also included an additional ball milling step before the impedance measurements. All of these may cause an increase in defect concentration, and the resulting increase in ionic conductivity compared to the current work, consistent with our defectdriven diffusion mechanism. To investigate which type of defect is more likely to be present in the synthesized Na 3 PSe 4 , we have calculated the formation energies for a series of different defects (i.e., Na vacancy, interstitial Na, Frenkel defect, and aliovalent ion substitution for both Na and P cations).
The selection of aliovalent dopants was based on the common contamination which may occur in the synthesis, such as the use of alumina crucibles, quartz tubes and zirconia ball mill jars. The calculated defect formation energies are listed in Table 2 , and the chemical potentials used in these calculations are presented in Table S4 . The Na vacancy formation energy of approximately 0.39 eV is the lowest among all the defects investigated, and the formation energies of all the other defects are substantially larger (i.e., 0.5 to 4 eV larger than that of the vacancy formation energy). Based on an analysis of the DFT relaxed structure containing the Na vacancy as well as integrated electron densities for all atoms, we believe the Na vacancy defect is stabilized through two mechanisms: (1) the displacement of the neighboring Na ions toward the vacant site, minimizing Columbic repulsion between the four adjacent Na ions near the vacancy (Fig. 3) ; and is delocalized in the defect structure, as the amount of charge difference on each Se atom (Na defect structure versus pristine compound) is very small. Table 2 . Calculated defect energies for Na 3 PSe 4 . The types of dopants selected were based on the common contamination that may occur in the syntheses. The formation energy of Na vacancy was observed to be substantially lower than any other defects investigated. at elevated temperatures due to entropic contributions and defectdefect interactions. Taking into account that the experimentally determined activation barrier should be a sum of the ionic migration barrier and the defect formation energy (assuming intrinsic conduction behavior), the theoretically determined diffusion barrier (5 kJ/mol at 0 K) and Na vacancy formation energy (37 kJ/mol at 0 K) is in reasonable agreement with the experimental observation (27 kJ/mol), indicating that the Na + diffusion in Na 3 PSe 4 is likely Navacancy driven. However, the fact that the experimental activation energy is lower indicates that an extrinsic defect concentration may exist or that more complex defect clusters may be forming.
An alternative Na + conduction mechanism is based upon the coexistence of tetragonal-like and cubic-like domains (discussed earlier). This type of defect is difficult to be investigated by theory only, and is an opportunity for a detailed structural study on the local scale.
Conclusions:
The Na-ion conduction characteristics of cubic Na 3 PSe 4 were investigated experimentally and computationally. This compound exhibits a room-temperature ionic conductivity of 0.11 mS/cm with a low activation barrier of 27(1) kJ/mol. Of particular note is that no hightemperature sintering process is required to achieve such a high ionic conductivity at room temperature, which offers a substantial advantage for the use of Na 3 PSe 4 as solid state electrolyte for all-solid-state Na-ion batteries. We also demonstrated through a systematic theoretical study that only defective Na 3 PSe 4 allows rapid Na was used. Final products were collected after the furnace was naturally cooled down to room temperature, and were transferred immediately into the glove box for further characterizations. The Na 3 PSe 4 powder was manually ground and re-heated with the same condition to ensure obtain the final product.
Experimental characterizations: to verify the purity of Na 3 PSe 4 , X-ray diffraction was performed on a Rigaku Smartlab diffractometer with Cu K α radiation. Typically, the powder sample was first sealed into a special glass capillary (0.5 mm in diameter, Charles Supper) in the glove box, and was then measured in the diffractometer equipped with a capillary stage. We utilized convergent beam and the 1D silicon strip detector (i.e., D/tex Ultra high speed detector)
to improve the signal-to-noise ratio of the diffraction data. For structural determination of Na 3 PSe 4 , the diffraction data was collected at beamline 11BM at the Advanced Photon Source Thermodynamic stability was evaluated using computed DFT total energies. The stability of any phase was evaluated by comparing its energy to linear combinations of the energy of other phases (leading to the same composition) using the convex hull construction. The stability analysis was performed versus all compounds present in the ICSD database plus our internal database of structures generated with data-mined substitution rules. The stability was quantified by evaluating the energy above the hull, which represents the magnitude of a compound's decomposition energy. The value of the energy above the hull is non-negative and measures the thermodynamic driving force for the compound to decompose into a set of alternate phases. A thermodynamically stable compound will have an energy above the hull of 0 meV/atom as it is part of the convex hull of stable phases.
Gamma-point only sampling of k-space and a plane-wave energy cutoff of 400 eV were used for the ab-initio Molecular dynamics (AIMD) simulations. The Na 3 PSe 4 supercell consists of 16 formula units. About 2.1% of Na vacancies are introduced in the AIMD simulations (one Na ion is removed from the supercell originally containing 48 Na ions), as stoichiometric Na 3 PSe 4 do not show significant Na diffusion. The AIMD simulations were taken on the canonical ensemble and the time step was set to 2 femtosecond. Temperatures were initialized at 100K and elevated to appropriate temperatures (500K, 600 K, 720K, 900 K and 1200 K), and the AIMD simulations were performed with about 160 picosecond for statistical analysis. The Na atomic trajectories were monitored during the simulation, and the diffusivities of Na ions were calculated for determination of the activation energy.
Activation barrier for the Na vacancy migration was calculated using the nudged elastic band method (NEB) 53 in a large supercell comprises 16 formula units to minimize the interaction between the periodic images. A 2 × 2 × 2 k-point grid was used and the plane-wave energy cutoff was set to 520 eV for the NEB calculation.
To find the most reasonable defect in the cubic-Na Structure Database (ICSD), and from our internal database of structures generated with datamined substitution rules. All compounds in a given ternary Na−P−Se or quintenary Na−P−Se−M system (where M = dopant, for example, Si, Al and Zr) were calculated.
